Carbon black (CB) grafted with 3-mercaptopropyltrimethoxysilane (3-MPTMS) was used as solid phase extractor for Cd 2+ in a flow injection system coupled to flame atomic absorption spectrometry (FAAS). The influence of pH, buffer concentration, preconcentration flow rate and eluent concentration on preconcentration of Cd 2+ were investigated by means of chemometric tools. The characterization of the adsorbent chemically modified was performed by Fourier transform infrared, scanning electron microscopy, energy dispersive X-ray spectroscopy, thermogravimetric analysis, Raman spectroscopy and textural analysis. To perform the on-line preconcentration, 20.0 mL of a pH 7.0 Cd 2+ solution at a flow rate of 4.0 mL min −1 was loaded through 30.0 mg of modified CB and then eluted with 1.0 mol L −1 HCl toward the FAAS instrument. The limits of detection and quantification were found to be 0.20 and 0.66 µg L −1 , respectively. Addition and recovery tests carried out in real samples (mineral, tap and saline waters, and cigarette sample) and the analysis of certified reference material (TORT-2, lobster hepatopancreas reference) attested the applicability of proposed method.
Introduction
Cadmium is a toxic metal found in low concentrations in the three environmental compartments, air, water and soils. However, due to increase of human activity, industrial and agricultural, its level has been increasingly elevated mainly in soil, surface water and plants. 1 The major sources of cadmium in drinking water are corrosion of galvanized pipes, erosion of natural deposits, discharge from metal refineries, runoff from waste batteries and paints. 2 Through the food chain, cadmium is transferred from environment into animals and human beings. The maximum levels recognized for potable water by national guidelines is 5.0 µg L −1 , established by the United States Environmental Protection Agency (US EPA) 3 and Brazilian Health Surveillance Agency (ANVISA). 4 Some people who drinks water containing cadmium above the maximum contaminant level for many years could experience kidney damage. 5 Tobacco is also an important source of cadmium uptake by humans because tobacco leaves accumulates high levels of cadmium. 6 The determination of cadmium ions has been usually carried out through spectroanalytical techniques such as flame atomic absorption spectrometry (FAAS), 1, 7 graphite furnace atomic absorption spectrometry (GF AAS) 8, 9 and inductively coupled plasma optical emission spectrometry (ICP OES). [10] [11] [12] The interest in FAAS comes from their high selectivity and low cost. However, due to the high limit of detection (LOD) of this technique, conventional separation enrichment procedures, mainly the solid phase extraction (SPE) ones, have been frequently used to overcome interferences from matrix elements and to improve the limits of detection. 13, 14 In particular, the adsorbent preconcentration flow injection systems have been seen as a very useful tool because of the simplicity, high preconcentration factors, easy regeneration of the solid phase, low consumption of sample and reagents and high sample throughput. 15 Although SPE associated with flow injection systems has been very well recognized as an efficient analytical tool for improving the detectability of spectroanalytical techniques, its success depends on selective and adsorptive performance of adsorbent.
The carbonaceous nanomaterials, such as carbon nanotubes (CNTs), 7, [16] [17] [18] fullerene, 19 activated carbons 1, 12, 20 and graphene, 21 show interesting properties as adsorbent for metal ions due to its structure, mechanical (high resistance) and chemical properties and large surface area. In spite of these properties, the search for alternative and low cost nano-carbonaceous material with similar properties has been increasingly investigated. Carbon black (CB) has emerged as an alternative nanomaterial although very little research has been focused on metal ion preconcentration for the development of highly sensitive analytical methods. This material has been widely consumed in automotive-related rubber product applications due to its reinforcing action 22 and also used as a versatile material as a catalyst 23 and conductive material. 24 The particle size of CB is partially in the nanometer range with average values between 20 and 300 nm according to different production process. This is similar to the diameter of the fullerene and the thickness of carbon nanotube and graphene. 25 CB is composed of 90-99% elemental carbon, with oxygen and hydrogen as the other major constituents, which can be distributed in the carbonaceous matrix in various organic functional groups such as hydroxyl (−OH), carbonyl (C=O) and carboxyl (COOH). In addition to these elements, CB may contain small amounts of nitrogen and sulfur, depending upon the nature of hydrocarbons used in the manufacture. 22, 26 This nanomaterial can be obtained from the partial combustion or thermal decomposition of hydrocarbons. The primary particles of CB exhibits a spherical shape and it presents a strong tendency to agglomerate, because of strong Van der Waals forces among the surface of the CB nanoparticles, affecting their dispersion in polar medium. 25 Altering the surface chemistry of CB is sometimes necessary to solve this drawback and also to improve the dispersability, chemical stability as well and the performance to adsorb metals ions. 26 The modification with oxidizing agent provides higher dispersion stability in aqueous medium due to increase of hydrophilic functional groups located at the edges of carbon layer plane such as hydroxyl, carbonyl and carboxyl, which are responsible for surface reactivity of CB. [27] [28] [29] Silanization is another very popular method to improve dispersion. Some studies have reported the use of organosilane grafted carbon nanotubes showing satisfactory sorption capacity for chromium, arsenium and selenium 30 and lead, 31, 32 but currently studies regarding development of CB modified with organosilanes as adsorbent for metal ions have not been found in the literature.
In this direction, this paper reports the modification of CB with 3-mercaptopropyltrimethoxysilane (3-MPTMS) aiming at the development of a preconcentration flow injection system for Cd 2+ determination in water samples, cigarette and biological sample by FAAS. 3-MPTMS has been chosen due to the thiol group (SH) on its structure, which confers to the molecule, according to Pearson theory, properties of soft base capable to strongly interact with Cd 2+ cation. 33 Taking into account that application of modified CB in the field of separation science is in its infancy and the absence of similar reports in the literature, the present study provides new insight into application of alternative nano-carbonaceous adsorbents on the preconcentration studies aiming at metal ions determination at low levels.
Experimental

Apparatus
The absorption measurements were carried out using a flame atomic absorption spectrophotometer (Shimadzu  AA-7000, Kyoto, Japan) equipped with a hollow cathode lamp for cadmium. The hollow cathode lamp was operated at 8 mA and a wavelength of 228.8 nm. The flame used was comprised of air-acetylene with a flow of 2.0 L min −1 . For the propulsion of the solutions a peristaltic pump (Ismatec  IPC-08, Glattzbrugg, Switzerland) and Tygon ® tubing were used and an injector was used for steps of preconcentration and elution. pH measurements were performed using a pH meter (Metrohm  827 pH lab, Herisau, Switzerland). Infrared spectra were recorded in a Shimadzu  Fourier transform infrared (FTIR) spectrophotometer FTIR-8300 (Tokyo, Japan) in the transmission range of 400-4000 cm Preconcentration procedure using flow injection system coupled to FAAS
The preconcentration system was operated in a timebased mode according to our previous publication. 17 
Breakthrough curve
The breakthrough curve was constructed to determine the breakthrough volume and the maximum sorption capacity (MSC) of 3-MPTMS-grafted CB towards Cd . The influence of organic mater as humic acid was also investigated.
Sample preparation
The proposed method applicability was verified by analysis of cigarette and saline water samples and three different types of water, i.e., tap, mineral and lake. Tap water was collected at the Londrina State University and lake water came from Lake Igapó III, both located in Londrina, Paraná, Brazil. Lake water has been thoroughly filtered up until be clear. Mineral water and the cigarette samples were obtained from local supermarkets. The saline sample (0.9% NaCl, m/v) was purchased at a pharmacy in the city of Londrina (PR, Brazil). Aliquots of 95.0 mL of water samples were taken and the volume was made up to 100.0 mL in volumetric flasks with 5.0 mL of 2.0 mol L −1 Tris-HCl solution (pH 7.0). The accuracy was checked by analysis of Lobster Hepatopancreas reference material for trace metals (TORT-2). 500.0 mg of cigarette and 113.0 mg of the TORT-2 were digested with 10.0 mL of concentrated nitric acid (HNO 3 ) and 4.0 mL of 30% hydrogen peroxide (H 2 O 2 ). Analyses were carried out in triplicate, kept overnight and then digested using microwave oven. 37 After this step, the samples were heated on a hot plate to near dryness and then cooled down to room temperature. Afterward, the residue was dissolved in 80.0 mL of ultrapure water with further addition of 5.0 mL of 2.0 mol L −1 Tris-HCl solution (pH 7.0) and the volume was made up to 100.0 mL in volumetric flask. For each sample, blank solutions were prepared.
Results and Discussion
Characterization of materials
In order to evaluate the surface morphologies of the materials, SEM images of CB (in natura), oxidized CB and 3-MPTMS-grafted CB were recorded ( Figure 1) .
As can be observed in Figure 1a , CB presents typical assembled spherical particles with size lower than 500 nm. The effect of oxidation can be evaluated in Figure 1b , which shows clearly aggregation of particles most likely due to intramolecular forces as hydrogen bond ascribed to the functional groups hydroxyl, carbonyl and carboxyl on the surface. 38 On the other hand, the modification with 3-MPTMS of oxidized CB promoted a new disaggregation of particles although lower than CB, indicating the grafting of 3-MPTMS on the surface owing to the hydrophobic feature of silane agent.
The surface morphology of materials can be related to the textural characteristics as shown in Table 1 . The CB shows, as expected, the highest surface area and pore volume. After oxidation process, the surface area significantly decreased and pore volume was reduced in 2-fold regarding CB. Such result can be rationalized bearing in mind the very high aggregation degree of particles due to presence of hydrophilic functional groups located at the edges of carbon layer plane, thus making the carbon layer nearest each other and, as consequence, decreasing the pore volume and surface area. In regard to CB functionalized with 3-MPTMS, it was found higher pore diameter and the lowest surface area, which can be explained due to insertion of 3-MPTMS agent inside the pores of material. One should note that even though functionalization of CB decrease the surface of material, its surface area is still considered high being suitable to allow the use of these materials for preconcentration. As a brief comparison, the proposed CB functionalized with 3-MPTMS presents higher surface than organosilane-modified multi-walled carbon nanotubes (MWCNT). 39, 40 To investigate the amount of Si and S as well as the homogeneous distribution of these elements on the functionalized CB, energy dispersive spectroscopy (EDS) spectrum (data not shown) and elemental mapping were recorded. The EDS images, depicted in Figures 2b and 2c , show absence of detectable phase segregation and element islands, thus showing a good homogeneous dispersion of Si and S. From the EDS spectra (data not shown) of 3-MPTMS-grafted CB, it was found percentages of C (77.00 wt.%), O (22.00 wt.%), Si (0.32 wt.%), S (0.31 wt.%) and K (0.11 wt.%). The low content of Si and S is expected owing to the low amount of 3-MPTMS used in the functionalization. In spite of this finding, the silanization reaction is considered successful according to literature data and bearing in mind the CB/3-MPTMS ratio used. 26 Furthermore, the low content of S−H group in the material has been enough for improving the detectability of preconcentration method as will be further demonstrated in the figures of merit.
The FTIR spectra of CB, oxidized CB and 3-MPTMS-grafted CB are depicted in Figure 3 . The band around 3440 cm −1 corresponds to OH stretching vibration from water absorption or hydroxyl groups present in the materials. It is evident that there are many more hydroxyl groups connect to CB after oxidation process than on pristine CB. The peak at 1630 cm −1 was only observed for pristine CB, which is ascribed to the C=C stretching vibration present in the material. 41 After oxidation process, the spectrum for oxidized CB exhibited a new band at 1585 cm −1 , which is attributed to hydroxyl groups or carbonyl groups. 42 In 3-MPTMS-grafted CB (Figure 3c ) this signal is reduced, most likely due to insertion of 3-MPTMS agent inside the pores of material which may have caused the reduction in surface area and pore volume of this CB, as described in its textural properties. The evidence of the silanization comes from the weak signals at 769 and 673 cm −1 due to Si-O stretching vibrations. 7 It must be emphasize that the bands at 1114 and 1118 cm −1 observed, respectively, for CB and oxidized CB can be attributed to C−O stretching, while the one observed at 1103 cm −1 for 3-MPTMS-grafted CB is attributed to Si−O−Si stretching, which in turn can be overlapped with C−O stretching.
The samples were also analyzed by Raman spectroscopy. Results are plotted in Figure 4 .
Raman spectra of the materials are characterized mainly by two strong bands: the G (graphite) band around 1600 cm −1 , which indicates the presence of sp 2 hybridized carbons, and the D (defect or disorder) band around 1340 cm −1 ascribed to sp 3 hybridized carbons. The relative intensity of the bands D and G (I D /I G ) can be used to evaluate the microstructure of the carbonaceous materials. 43 From Figure 4 , the (I D /I G ) ratio were found to be 0.37 for CB, 0.25 for oxidized CB and 0.23 for 3-MPTMS-grafted CB, thus indicating an increase in the order of the graphitic structure of CB after oxidation and grafting process. 36 The broad G' peak (around 2450 cm −1 ) presents in the 3-MPTMS-grafted CB can be assigned to an overtone and is due to D + G phonons contribution and this band shows evidence of the set 3-MPTMS, suggesting that treatment led to higher order. 26 The band around 2330 cm −1 presented in all materials comes from the Raman mode of N 2 gas present in the air surrounding the sample. 44 Thermogravimetric curve (TG) and derivative thermogravimetric curve (DTG) for the CB, oxidized CB and 3-MPTMS-grafted CB are depicted in Figures 5a, 5b and 5c, respectively. In Figure 5a , it can be seen that CB presented the highest thermal stability (12% weight loss) and in the temperature around 44 °C corresponds to the volatilization of water molecules adsorbed on the material surface. However, the TG of oxidized CB (Figure 5b) showed a large weight loss (45%), which clearly demonstrates the decrease of thermal stability after oxidation process. The event around 82 °C can be attributed to losses of residual water adsorbed on the material surface since the oxidation only increases the amount of functional groups already containing oxygen atoms therein in nature. After functionalization with 3-MPTMS, the weight mass was found to be 35% and the material showed three thermal decomposition events (Figure 5c ). The first event took place in the temperature around 65 °C and it is ascribes to the removal of physically adsorbed water. The second event occurred in the temperature at 348 °C could be attributed to the decomposition of hydrophilic side groups still present in the material, and the third one observed at 497 °C is ascribed to thermal decomposition of 3-MPTMS bonded to carbon sheets, as has been reported in literature for carbon sulfur compounds. 26, 42 The lower weight loss of the 3-MPTMS-grafted CB compared to oxidized CB and, as consequence, a higher ceramic yield is most likely due to the formation of SiO 2 during heating, which also confirms the functionalization process.
26,27
Optimization of the method for cadmium analysis After characterization of materials, the on-line preconcentration method for Cd 2+ determination by FAAS was optimized using 3-MPTMS-grafted CB as adsorbent by means of a 2 4 full factorial design whose factors pH, buffer concentration (BC), preconcentration flow rate (PFR) and eluent concentration (EC, HCl), their levels and obtained results are presented in Table 2 The positive standardized effect (7.71) of the sample pH denotes that the increment of pH within the experimental domain (4.5-7.5) may increase the Cd 2+ retention on the 3-MPTMS-grafted CB. One should note that the interaction BC × PFR has been statistically significant (negative standardized effect of −8.40), which clearly demonstrates that these factors cannot be optimized independently each other and further experiments would be required for final optimization. However, once the interaction BC × PFR presents a negative standardized effect, the use of lower preconcentration flow rate will considerably decrease the sample throughput of method, thus the BC and PFR were set at 0.1 mol L −1 and 4.0 mL min −1 , respectively, as optimum conditions. Bearing in mind that BC was set as 0. . Table 3 shows the competitive sorption results for the binary mixture of Cd 2+ and containing possible interfering ions. In general, the satisfactory selectivity can be attested according to low variation percentage of the analytical signal of Cd 2+ (−16 up to 13%) even in the presence of high concentration of possible interfering ions. From these results it is possible to infer that the proposed method can be free from matrices effect in different kind of samples, as it will be further demonstrated in the application of method in water sample, saline water (NaCl 0.9%, m/v) and cigarette and biological sample (certified reference material). The influence of organic mater on the Cd 2+ preconcentration was also evaluted. Cadmium was preconcentrated in the presence of 1.0 mg L −1 humic acid, which has been considered a normal concentration of humic substances in natural water samples. 45 The variation percentage was found to be −15%, thus indicating low influence of humic acid on the Cd 2+ preconcentration. This result corroborates the feasibility of Cd 2+ determination in lake water samples free of interference using an external analytical curve. 
Interference studies
and r = 0.9995. Significant improvement on sensitivity was observed after implementing the preconcentration step, yielding in a higher preconcentration factor (PF) of 37. This parameter was determined as the ratio between the slopes calculated for the Cd 2+ preconcentration using 3-MPTMS-grafted CB and the Cd 2+ direct aspiration into the FAAS (without preconcentration). 46 The LOD and limit of quantification (LOQ), calculated according to the International Union of Pure and Applied Chemistry (IUPAC) reccomendation as three and ten times the standard deviation for the blank solution (n = 10) were found to be 0.20 and 0.66 µg L −1 , respectively. 47 The values of concentration efficiency (CE), consumptive index (CI) and sample throughput were determined as described in the literature and were found to be 7.35 min −1 , 0.54 mL and 12 h −1 , respectively. 48 The precison of method, evaluated in terms of repeatability for 10 measurements, was found to be 2. 
It was observed an increase of 46% on the sensitivity for the Cd 2+ determination, when using the 3-MPTMS-grafted CB, which clearly demonstrated that functionalized material has great capacity for sorption of Cd 2+ even having lower surface area than oxidized CB. The present method, when compared to previous preconcentration procedures based on solid phase extraction using others carbonaceous materials, such as carbon nanotube and graphene for Cd 2+ determination by FAAS (Table 4) , provides similar LOD, but greater analytical performance in terms of sample consumption, preconcentration factor, sample throughput, owing to the flow injection system implemented and consumptive index. In addition to this finding, it must be point out that the CB is extremely cheap once we have received 1 kg of material free of charge by the supplier Cabot Corporation ® (São Paulo, SP, Brazil). The material has proven to be extremely stable under several preconcentration/elution cycles, once more than 300 cycles were carried out in overall study without loss of sorption capacity of material. Therefore, up to now it is impossible to affirm accurately the life-time of material. Although very interesting as adsorbent, it is worth noting the crucial careful for handling CB since in general, this material in similar way to another nano-carbonaceous materials, may cause adverse biological outcomes for humans, such as inflammation, genotoxicity and cell death induction. 48 Anyway, once packed into a mini-column the handling practically is no more need due to high reusability of material.
Breakthrough curve
Breakthrough curve depicted in Figure 7 shows that breakthrough volume was found to be 4.0 mL, which , the uptake of metal is 0.026 mg g −1 , which is lower than the one achieved from breakthrough volume, thus indicating that Cd 2+ is completely adsorbed by material during construction of analytical curve. Moreover, from the result achieved by the breakthrough volume, the sample preconcentration volume can be increased from 20.0 to 30.0 mL, without losses of uptake capacity of material and, as consequence, the LOD and LOQ of method could be decreased.
The column saturation was achieved by loading 492.0 mL of 0.3 mg L −1 Cd 2+ solution, yielding in a MSC of 1.71 mg g −1 . This value was over 3.6 times greater than that reported in literature for MWCNT functionalized with 3-MPTMS. 7 
Application of the proposed method
In order to check the accuracy and validity for real samples, the proposed method was applied to the Cd 2+ in different kind of samples and certified reference material. As shown in Table 5 , Cd 2+ at trace levels was found in mineral, tap, saline and lake water samples as well as in cigarrete sample. Recovery experiments of different amount of Cd 2+ by using analytical external curve were performed given rise to satisfactory recoveries (92-99%), thus attesting the accuracy and applicability of the method free of interferences. Although Cd 2+ has been quantified in drinking water, the amount achieved was lower than that maximum level recognized by US EPA 3 and ANVISA. 4 Regarding cigarette sample, it is known that in the absence of occupational exposure, the main sources of Cd 2+ uptake are food and tobacco smoke. Therefore, the element has been included in the list of harmful and potentially harmful constituents in tobacco products and tobacco smoke according to US Food and Drug Administration (FDA). 53 The amount of Cd 2+ obtained in the present study was slightly higher and lower than those amounts determined by Andrade et al. 54 and Lemos et al., 55 respectively, in cigarettes commercialized in Brazil. The amount of Cd 2+ also determined in certified reference (TORT-2, lobster hepatopancreas) by this method (26.47 ± 0.25 µg g −1 , n = 3) was statistically equal to the certified value (26.7 ± 0.6 µg g −1 ) with 95% confidence interval (Student's t-test), thus confirming the accuracy of the proposed method even for biological sample submitted to acid digestion. .
Results are expressed as mean value ± standard deviation based on three replicates. Vol. 27, No. 10, 2016
Conclusions
In the present study, CB chemically modified with 3-MPTMS as organosilane agent was used for the first time as adsorbent for Cd 2+ aiming at development of a preconcentration method on-line coupled to FAAS. The results obtained from the characterization of the materials by means of FTIR, Raman, TG and textural analysis were very useful to confirm the oxidation and functionalization of CB with 3-MPTMS. As for the presented method, the use of 3-MPTMS in the CB functionalization improves the sensitivity of the method and when compared to others that make use of more expensive nano-carbonaceous material, such as carbon nanotubes, the advantages of this study is highlighted by low limit of detection, low sample consumption, high preconcentration factor and low cost. Therefore, for final remarks, the 3-MPTMS-grafted CB can be considered as an alternative and efficient nanocarbonaceous adsorbent to be used for preconcentration studies aiming at determination of Cd 2+ at low levels.
